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ABSTRACT 
 
 It is widely accepted that aerobic exercise enhances hippocampal plasticity in non-human 
animal models. Often, this plasticity co-occurs with gains in hippocampal-dependent memory. 
Cross-sectional work investigating this relationship in preadolescent children has found 
behavioral differences in higher versus lower aerobically fit participants for tasks measuring 
relational memory, which is known to be critically tied to hippocampal structure and function. 
The present study tested whether similar differences would arise in a clinical intervention setting 
where a group of preadolescent children were randomly assigned to a nine-month after school 
aerobic exercise intervention versus a wait-list control group. Specifically, 53 children (mean 
Age = 9.45 years) were randomized to an afterschool physical activity intervention which met 
each school day, versus to a wait-list control group who performed their normal afterschool 
activities. Results indicated that children in the intervention increased their aerobic fitness, 
whereas no change in fitness was noted for the control group. Performance measures included 
eye-movements as a measure of memory, based on recent work linking eye-movement indices of 
relational memory to the hippocampus.  Compared to the control group, those who entered the 
aerobic exercise program displayed eye-movement patterns indicative of superior memory for 
face-scene relations, with no differences observed in memory for individual faces. These results 
(1) support the view that the hippocampus is critical for memory for relations amongst items, (2) 
indicate the positive influence of increased aerobic fitness on hippocampal-dependent memory, 
and (3) emphasize the utility of using eye-tracking as a method to study memory. 
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CHAPTER 1 
 
INTRODUCTION 
 
 
1.1 Hippocampal plasticity and exercise 
 The hippocampus has long been implicated as a structure vital for learning and memory 
(Cohen & Eichenbaum, 1993; Scoville & Milner, 1957). To accomplish these processes, the 
hippocampus demonstrates remarkable plasticity; it displays a disproportionate capacity for 
synaptic modulation, and is one of two known brain regions to undergo adult neurogenesis 
(Kaplan & Hinds, 1977; Neve, Finch, Bird, & Benowitz, 1988). In addition to the neural 
plasticity occurring in the hippocampus, restructuring of the underlying vasculature supporting 
neural activity in the hippocampus is commonplace. As will be reviewed below, aerobic exercise 
plays a key role in the enhancement of these natural phenomena, leading to overall greater brain 
health and improvements in hippocampal based cognition.  
 
1.1.1 Hippocampal neurogenesis 
 
 It was originally thought that aside from a brief period after birth, the generation of new 
neurons, neurogenesis, did not occur in mammalian brains. However, Kaplan and Hinds (1977) 
demonstrated that new neurons are born in the subgranular zone and migrate to the dentate gyrus 
of the hippocampus. Since this important finding, research across species and methods has 
provided a wealth of evidence that new neurons are created in the dentate gyrus of the 
hippocampus (Ming & Song, 2011). Moreover, these newly born neurons seem to become 
integrated into the functional circuitry of the hippocampus and aid in learning. In an elegant 
study by van Praag et al., (2002) a unique form of retroviral labeling was used to compare 
functional properties of newly generated dentate gyrus cells to mature cells in rodents. The 
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results indicated that newly created cells matured and had comparable measurements of neuron 
functionality with older cells, specifically in the areas of resting membrane potential, firing rate, 
and spiking threshold. Additionally, stimulation of the main input to the hippocampus, the 
entorhinal cortex, led to post-synaptic potentials in the newly born neurons in the dentate gyrus, 
and these potentials mirrored those of mature granule cells (van Praag et al., 2002). These 
findings strongly implicate that newly born cells in the dentate gyrus mature and become 
functionally integrated into hippocampal circuitry.  
 Given the above functional properties of granule cells, more recent research has looked to 
uncover the role these cells play in learning. Again using the rodent model, researchers have 
discovered crucial roles for new cells in spatial learning. Kee, Teixeira, Wang, & Frankland 
(2007) used c-fos expression in dentate gyrus cells which were dividing (and thus newly born) as 
a marker of neural activity, as c-fos is expressed in action potentials (Guzowski et al., 2005). The 
authors placed rodents in the Morris water maze (MWM), a hippocampal based spatial memory 
task, and demonstrated that after a four-week maturation period, dividing cells were equally as 
likely to be recruited in solving the maze as mature cells. Strikingly, after six-to-eight weeks 
post-generation, these newly born cells were preferentially recruited to complete the task (Kee et 
al., 2007). Furthermore, using a similar spatial memory paradigm in rodents, researchers found 
evidence supporting the notion that newly born cells performed an important role in the 
consolidation and retrieval of memory for successful completion of the MWM (Trouche, 
Bontempi, Roullet, & Rampon, 2009). Further, research using the murine model as well as 
computational modeling suggests hippocampal cells created in adulthood also play critical roles 
in pattern separation (the ability to assign unique neural codes to highly similar events) as well as 
the temporal encoding of information (Aimone, Deng, & Gage, 2011; Kitamura et al., 2009; 
3 
 
Sahay, Wilson, & Hen, 2011).  
 The above highlights the occurrence and role of adult neurogenesis in the hippocampus in 
the mammalian brain. Moreover, the results above describe the critical role these new neurons 
play in hippocampal function, leading to the conclusion that adult neurogenesis occurs naturally 
and is necessary for normal hippocampal function.  
 
1.1.2 Aerobic exercise enhancement of hippocampal neurogenesis in the rodent 
 Multiple lifestyle factors amplify the rate and magnitude of plasticity in the hippocampus, 
including living in an enriched environment and partaking in voluntary aerobic exercise 
(Kempermann, Kuhn, & Gage, 1997; van Praag, Kempermann, & Gage, 1999).  This latter 
finding has proven remarkably consistent over time and species. In a seminal study by van Praag, 
Kempermann, and Gage (1999), the authors demonstrated that mice that ran on a running wheel 
had significantly more dividing neurons in the dentate gyrus compared to several control groups, 
including mice that: were raised in an enriched environment, underwent a learning task in a 
water maze, were forced to swim in the water maze with no learning task, or served as a 
sedentary, "normal-living," control group. Moreover, investigation of the survival of these new 
neurons four weeks after the intervention revealed that mice who voluntarily ran had a 
significantly greater number of surviving new neurons compared to the forced swimming, 
learning, and control groups (van Praag, Kempermann et al., 1999). 
 Since this original paper, the finding of aerobic exercise leading to an increase in newly 
born dentate granule cells has been replicated countless times, and occurs amongst various types 
of rodents. For instance, this modulation of plasticity via exercise is not limited to young rodents, 
as the result occurs in aged mice as well (van Praag, Shubert, Zhao, & Gage, 2005). 
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Additionally, Clark et al., (2011) found that exercise led to increases in neurogenesis across 
twelve different genotypes of mice, further illustrating the ubiquity of exercise enhanced 
neurogenesis. Intriguingly, the amount of newly born neurons varied across genotype, suggesting 
a possible interaction between genetics, exercise, and hippocampal plasticity.  
 
1.1.3 Vasculature changes in the hippocampus resulting from exercise in the rodent 
 In addition to the increase in new neurons that occurs due to aerobic exercise, the 
hippocampus also undergoes significant changes in its vasculature structure, including 
angiogenesis, which is hypothesized to support neural plasticity (Cotman, Berchtold, & Christie, 
2007; Hillman, Erickson, & Kramer, 2008). A wealth of diverse empirical evidence supports this 
notion of vasculature changes in the hippocampus. For instance, in the study of hippocampal 
neurogenesis in aged rodents, van Praag et al. (2005) also found that the blood vessels of young 
rodents that exercised became wider. This was not true for the older rats, suggesting a potential 
effect on age in relation to vasculature changes due to exercise. Pereira et al. (2007) measured 
increases in cerebral blood volume (CBV) in rodents that exercised, and the CBV increase was 
greatest in the dentate gyrus. A similar result was found using a different measure of 
hippocampal blood vessels, blood vessel density, as researchers observed a highly significant 
increase in the amount of area in the dentate gyrus covered by blood vessels in rodents that ran 
(Clark, Brzezinska, Puchalski, Krone, & Rhodes, 2009). Clearly, aerobic exercise not only 
increases the number of neurons in the dentate gyrus, but also creates a neurovascular 
environment supporting these neural changes, which ultimately leads to improvements in 
cognition (see below). 
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1.1.4. Mechanisms responsible for plasticity  
 On a mechanistic level, the driving force behind hippocampal plasticity appears to be an 
up-regulation of critical growth factors, specifically brain derived neurotrophic growth factor 
(BDNF), insulin-like growth factor I (IFG-1), and vascular endothelial growth factor (VEGF) 
(Cotman et al., 2007). BDNF appears to play a crucial role in modulating hippocampal plasticity 
as a result of exercise. BDNF expression greatly increases as a result of exercise, with a 
disproportionate enhancement occurring in the hippocampus compared to other brain regions 
(Cotman & Berchtold, 2002). Ablating the tyrosine kinase TrkB, the receptor for BDNF, 
impaired neuronal proliferation in the dentate gyrus of the rodent hippocampus, implicating a 
role for BDNF in neurogenesis (Li et al., 2008). Furthermore, BDNF is implicated in synaptic 
plasticity and thus learning and memory, and plays a key role in exercise related changes in 
cognition (Cotman et al., 2007).  
 The expression of IGF-1 greatly increases as a result of exercise, particularly in the 
hippocampus. This result coupled with the finding that subcutaneous injections of IGF-1 in 
rodents increased the number of neurons in the hippocampus, led Trejo, Carro, and Torres-
Aleman (2001) to hypothesize a role for IGF-1 in exercise mediated hippocampal neurogenesis. 
To test this, the researchers blocked the entrance of IGF-1 using an IGF-1 antiserum and 
observed that the rodents that were administered the antiserum did not show the normal 
proliferation of new neurons as a result of exercise, demonstrating a critical role for IGF-1 in the 
enhancement of hippocampal neurogenesis from exercise (Trejo, Carro, & Torres-Aleman, 
2001). Further, IGF-1 has an impactful role in angiogenesis as well, as rodents with low levels of 
IGF- 1 do not display as large of levels of angiogenesis (Lopez-Lopez, LeRoith, & Torres-
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Aleman, 2004). Finally, similar to the blockade of BDNF and IGF-1, disallowing VEGF to enter 
the central nervous system prohibited exercise mediated neurogenesis in the rodent (Fabel et al., 
2003). Also, exercise induced angiogenesis was linked with increases in VEGF expression in the 
rodent (Ding et al., 2006). Together, these results strongly suggest the interactive up-regulation 
of these critical growth factors as a major mechanism responsible for hippocampal plasticity 
following exercise. 
 
1.1.5 Hippocampal plasticity mediated by exercise in the human brain 
 Methodological constraints limit the direct quantification of new hippocampal neurons 
and blood vessels derived from exercise in humans, as the primary measurements used to 
determine plasticity in animals would be unethical in this population. The implementation of 
clever experimental designs and imaging techniques have circumvented this problem however, 
and have allowed for researchers to infer neurogenesis and angiogenesis in human brains 
resulting from aerobic exercise.  Pereira et al. (2007) found increases in CBV in the rodent 
dentate gyrus; however, the main goal of the study was not to show CBV rises with exercise, but 
to link CBV increases measured via neuroimaging with neurogenesis in the rodent, and then use 
CBV as a marker of neurogenesis in humans. In this study the authors allowed mice to run on a 
wheel for two weeks and then quantified the number of newly dividing cells using 
bromodeoxyuridine. Since exercise is also associated with angiogenesis, the authors expected to 
observe differences in CBV in the rodent hippocampus, and measured this with non-invasive 
neuroimaging. Indeed, the dentate gyrus selectively displayed increases in CBV across time, and 
crucially, the increase in CBV was correlated with the number of newly born cells in the dentate 
gyrus. The finding of a direct relationship between hippocampal cell proliferation and increased 
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CBV suggests that the use of imaging techniques measuring CBV, which are safe for use in 
humans, can serve as a tool to infer neurogenesis. With this finding in mind, the authors 
investigated whether humans who enter an exercise program would display similar increases in 
CBV. Identical to the rats, the human dentate gyrus selectively displayed an increase in CBV 
after an exercise intervention lasting twelve weeks, and this increase was correlated with change 
in VO2 max score, which is a marker of aerobic fitness. 
 Other indications of hippocampal plasticity due to exercise are abundant in the literature. 
Burdette et al. (2010) observed that healthy older adults who entered an exercise training 
program displayed greater measurements of cerebral blood flow in the hippocampus after the 
program compared to older adults who entered an educational course on healthy aging. Co-
occurring with the change in CBF was a marked increase in connectivity between the 
hippocampus and the anterior cingulate cortex that was selective to the exercise group (Burdette 
et al., 2010).  
 The investigation of overall hippocampal volume measured by magnetic resonance 
imaging (MRI) has been a particularly effective tool in the investigation of aerobic exercise 
modulated hippocampal plasticity, specifically in special populations such as older adults and 
children. In aging there is a marked deterioration of the hippocampus, which can be observed by 
MRI (Raz et al., 2005). One study measured aerobic fitness levels in older adults via VO2 max 
testing, which estimates an individual’s aerobic fitness level, and then related the VO2 scores to 
hippocampal volume (Erickson et al., 2009). The results of this study indicated a positive 
association with VO2 max score and bilateral hippocampal volume, even when including age, 
gender, and education level as covariates (Erickson et al., 2009). Furthermore, the same group 
later conducted an intervention study where older adults were randomly assigned to an aerobic 
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exercise training group or a stretching and toning group. The results of this study were profound 
in that the aerobic exercise group actually displayed a 2% increase in hippocampal volume over 
time, supporting the claim that aerobic exercise can attenuate the hippocampal volume loss 
associated with normal aging (Erickson et al., 2011). Intriguingly, the change in hippocampal 
volume for the aerobic exercise group was positively correlated with pre-and-post test 
differences in serum BDNF, lending further credence to BDNF's role in exercise related 
hippocampal plasticity.  
 Similar to older adults, hippocampal volumetric differences as a function of aerobic 
fitness have been observed in children. Chaddock et al., (2010) measured the hippocampal 
volume of children who were classified as high in aerobic fitness, and compared it to the 
hippocampal volumes of their aerobically low-fit counterparts. This study found markedly larger 
hippocampal volumes in the aerobically-high-fit children (Chaddock et al., 2010).  
 
1.1.6 Hippocampal-based cognitive benefits associated with aerobic exercise in the rodent  
 As may be expected, the broad and diverse hippocampal plasticity associated with 
aerobic exercise has a positive influence on memory. In a follow-up study to their seminal report 
on the increase of dentate granule cells in exercising rodents, van Praag, Christie, Sejnowski, & 
Gage, (1999) not only replicated their original finding, but also observed that compared to a 
control group, rats that ran on a running wheel performed significantly better on all measures of 
the MWM. Moreover, long-term potentiation, a probable neural signature of learning and 
memory, was greatly enhanced in the running group. Consistent with these findings, van Praag et 
al. (2005) reported that exercise related hippocampal neurogenesis in aged mice also 
significantly improved MWM performance for the aged mice that ran, demonstrating the 
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generalizability of exercise-related enhancement of cognition across the lifespan (van Praag et 
al., 2005).  In addition to cognitive benefits relating to exercise-mediated neurogenesis, 
improvements in memory have also been associated with the process of angiogenesis due to 
exercise, as the rodents that displayed greater blood vessel density in the Clark et al. (2009) 
report also showed improvements on the MWM. In this case though, it is difficult to dissociate 
the differential contributions from angiogenesis and neurogenesis, as the authors also report 
increases in dentate granule cells and c-fos expression in these cells (Clark et al., 2009).  
 
1.1.7 Hippocampal-based cognitive benefits linked to aerobic exercise and fitness in humans 
 In humans, similar cognitive gains associated with exercise have been observed. In their 
study linking CBV to neurogenesis, Pereira et al. (2007) observed post-exercise intervention 
increases on the first trial of the Rey Auditory Verbal Learning test, and these cognitive changes 
positively correlated with change in VO2 max as well as change in dentate gyrus CBV. In the line 
of research investigating older adults, hippocampal volume, and exercise and fitness, the 
researchers observed differences on performance on a spatial working memory task related both 
to fitness and exercise, in separate studies.  . In the study using aerobic fitness as a continuous 
measure, the authors report that aerobic fitness was associated with performance on the most 
difficult condition of the spatial memory task, as was hippocampal volume; moreover, a 
mediation analysis revealed hippocampal volume was a mediating variable between aerobic 
fitness and performance on the spatial memory task (Erickson et al., 2009). In the follow-up 
intervention study, the authors report positive increases in hippocampal volume in the aerobic 
exercise group associated with better performance on the same spatial memory task; however, 
mean performance on this task for the aerobic exercise group was not above that of the stretching 
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and toning group, slightly clouding the issue (Erickson et al., 2011).  
  In children, a dissociation between the type of memory which benefits from aerobic 
exercise has emerged, with the greatest gains linked with fitness accorded to relational (or 
associative) memory. As is discussed at length below, an influential theory of hippocampal 
function posits that the hippocampus is particularly suited for relational memory, which is the 
binding of two items that become paired in some way (e.g., a face and a name), while the 
representation of the individual items relies on other brain structures (Cohen & Eichenbaum, 
1993; Eichenbaum & Cohen, 2001). Taking into account the exercise-enhanced plasticity that 
occurs selectively for the hippocampus, relational memory theory would predict aerobic exercise 
or higher levels of aerobic fitness would cognitively manifest itself in select benefits in relational 
memory. Indeed, studies investigating memory and aerobic fitness support this claim. One study 
compared children with low-aerobic-fitness levels to demographically matched children high in 
aerobic fitness on a relational and item memory encoding paradigm. In the relational encoding 
condition, children made a single judgment about the two objects on the screen, associating them 
with each other. In the item encoding condition, two separate judgments were made on each 
image.  During a forced-choice memory paradigm, the two fitness groups significantly differed 
in accuracy for relationally encoded pairs, with no performance differences for item encoded 
pairs (Chaddock, Hillman, Buck, & Cohen, 2011). Moreover, in the MRI study of hippocampal 
volume between low- and-high-aerobically-fit children, not only did the high-fit participants 
display greater hippocampal volume, but they also performed better on a task assessing relational 
memory, with no group differences observed for item memory (Chaddock et al., 2010). 
Interestingly, and similar to the work in older adults, hippocampal volume mediated the 
relationship between aerobic fitness and memory performance.  
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1.2 The hippocampus and relational memory 
 As previewed above, relational memory theory states that the hippocampus is critical for 
processing relations amongst objects or items (Cohen & Eichenbaum, 1993; Eichenbaum & 
Cohen, 2001).  Specifically, it proposes that the hippocampus binds arbitrary relations between 
objects, items, or pieces of information into cohesive and enduring entities, while the mnemonic 
representation of the individual objects or items themselves falls under the domain of the medial 
temporal lobe (MTL) cortex adjacent to the hippocampus, such as the perirhinal cortex 
(Eichenbaum & Cohen, 2001). The idea that the hippocampus is critical for binding relations or 
associations amongst objects, and not simply encoding the objects themselves, has been 
supported by a wealth of empirical evidence found from a variety of experimental methods. 
 
1.2.1 Evidence for dissociation in MTL for item and relational memory using neuroimaging 
 Neuroimaging results from two experiments conducted by Staresina and Davachi have 
demonstrated the selective role of the hippocampus in relational memory. In one paper the 
authors focused on the neural activity associated with the successful encoding of items and item-
color or item-context associations. Focusing on items and item associations that went on to be 
correctly recalled, the authors report that the hippocampal activation was selectively enhanced in 
the encoding of item-color and item-context associations, but not in the simple encoding of the 
items themselves (Staresina & Davachi, 2008). Activity in the perirhinal cortex, an area 
associated with item memory, was increased during item encoding, as well as item-color 
encoding, but not during item-context encoding. While the finding of increased perirhinal 
activity for item-color binding association may seem incompatible with relational memory 
theory, it is possible that item-color associations are more unitized or non-arbitrary, whereas 
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item-context is highly arbitrary and invokes the domain of the hippocampus. 
 Another study by Staresina and Davachi sheds additional light on the dissociation 
between memory types and the medial temporal lobe (Staresina & Davachi, 2009). In this 
paradigm, participants encoded an item-color association across three different conditions. In one 
condition the color was presented on the item (e.g., a red shirt) and no binding was needed. In a 
second condition, the color and item were separated in space but presented at the same time, and 
participants needed to mentally bind the item with that color. Finally, a third condition 
introduced an additional binding component in that the item and color were spatially 
discontinuous and an element of binding across time was introduced. The results provide strong 
evidence for a dissociation in the MTL between item and relational memory. Activity in the 
hippocampus did not differentiate between successful and unsuccessful memory encoding the 
condition where no relational binding was needed between the item and color. In the other two 
conditions however, hippocampal activity increased as a function of the number of relations. In 
other words, the hippocampus displayed significantly greater activity for the item-color 
association that needed to be bound across space compared to the no binding condition, and even 
greater activity when the item-color association needed to be bridged across space and time 
(Staresina & Davachi, 2009). Critically, the perirhinal cortex did not differentially respond to any 
of these conditions, as its neural activity remained constant across the three trial types, indicating 
relational binding has no effect on the perirhinal cortex. Taken together, these results depict a 
clear picture of mnemonic dissociations in the MTL, with the hippocampal activity critically tied 
to associating arbitrarily paired objects. 
 Using volumetric MRI measures to investigate this dissociation, the Chaddock et al. 
(2010) paper described above that reports hippocampal volumetric differences between 
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aerobically high- and low-fit children also found that hippocampal volume was positively 
associated with performance on the relational memory task, while hippocampal volume 
displayed no relationship with item memory. The consistent finding across various neuroimaging 
techniques of hippocampal involvement in relational memory, but not item memory, supports 
relational memory theory. 
 
1.2.2 Evidence for dissociation in MTL for item and relational memory in patients 
 Research using patients with severe MTL damage bolsters relational memory theory as 
well. In one study, the researchers used patients with damage limited to the hippocampal 
formation, as well as patients with more extensive damage encompassing the entire MTL in 
order to understand the organization of memory in the MTL. Compared to healthy comparison 
participants, memory scores for both sets of patients were impaired on a variety of tasks 
assessing relational memory, including spatial, sequential and inter-object associations when 
compared to neurologically intact control participants (Konkel, Warren, Duff, Tranel, & Cohen, 
2008). However, when assessing memory for the individual items used in the study, patients 
whose damage was limited to the hippocampal formation displayed markedly better 
performance. Critically, those with tissue damage extending to the MTL did not show this 
improvement on item memory (Konkel et al., 2008).  
 The above studies strongly implicate the hippocampus in the mnemonic processing of 
relations amongst items, and not for the representation of the individual items. In the proceeding 
section, evidence for this dissociation using eye-movements, and the utility of using eye-tracking 
as a means to study memory in general, are reviewed. 
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1.3 Eye-movements and memory 
 The notion that memory processing can affect eye-movements is not a novel idea, as 
research has noted semantic memory effects on eye-movements dating back to over 30 years ago 
(Henderson, 2003; Loftus & Mackworth, 1978). Rather, it has been the application of eye-
tracking to understand hippocampal function which has proven insightful and aided in answering 
important questions regarding the nature of representations subserved by the hippocampus 
(Hannula et al., 2010).  
 
1.3.1 Item and relational memory effects on eye-movements in college-aged participants 
 A series of studies has demonstrated the effects of item memory on eye-movements. In 
an early study, Althoff and Cohen (1999) presented participants with pictures of famous faces 
and novel, non-famous faces. Compared to the non-famous faces, participants made fewer 
fixations to the famous faces and sampled fewer areas, reflecting the influence of prior exposure 
on eye-movements. During the course of the experiment, the non-famous faces were repeated 
several times, allowing for multiple exposures. As the faces were studied more, the regions 
sampled in the faces decreased compared to entirely novel faces shown later in the experiment, 
demonstrating the effect learning within an experiment has on eye-movements. Similar effects of 
repetition on eye-movements have been observed in the viewing of scenes as well, demonstrating 
the generality of this effect (Ryan, Althoff, Whitlow, & Cohen, 2000). Taken together, these 
results describe a repetition effect evident in eye-movements characterized by decreased 
sampling when viewing familiar or studied materials. 
 Additionally, item memory effects on eye-movements occur very rapidly. When 
participants were shown a series of faces during a study block and then were asked to identify 
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the previously studied face during a test phase where it was displayed with two novel faces, 
participants spent significantly more time viewing the studied face within one second from the 
onset of the stimulus (Ryan, Hannula, & Cohen, 2007).  
Similar to item memory, researchers have found effects of relational memory in eye-
movements as well. The Ryan et al. (2000) study, which demonstrated repetition effects of eye-
movements for previously viewed scenes, also contained a critical condition in which the 
repetition of a scene contained a relational manipulation of an item in that scene. For example, 
the first time a scene was shown, a tree may have been to the left of a bridge, but at the second 
viewing of the scene, the tree was now to the right of the bridge, while all other aspects of the 
scene remained unchanged. In this condition, college-aged students made significantly more 
fixations to the manipulated region (i.e., where the tree was in the first viewing of the scene), 
demonstrating memory for the relations amongst the constituent elements of the scene (Ryan et 
al., 2000). Notably, this effect occurred even in the absence of awareness of a spatial 
manipulation. 
The rapid onset of eye-movement effects is not limited to the domain of item memory. A 
study by the same group employed a relational memory task where participants saw pairs of 
faces and scenes and were instructed to remember the pairing during the study phase (Hannula, 
Ryan, Tranel, & Cohen, 2007). At test, participants were cued with a previously studied scene as 
a background and a three-face display in which all three faces were previously shown, but only 
one was displayed with the background scene at test; participants were instructed to find the face 
originally paired with the background scene. As with the Ryan et al. (2007) experiment, 
participants began viewing the matching face significantly more than the other two faces within 
one second of the onset of the three-face display. These results provide evidence for the fast 
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expression of memory via eye-movements. 
 
1.3.2 Item and relational memory effects on eye-movements in amnesic patients 
 With the general characteristics of the influence of memory on eye-movements in a 
neurologically intact population understood, one can then use eye-tracking with patients who 
have hippocampal damage in an effort to understand the nature of the hippocampus and its role 
in memory. The Ryan et al. (2000) paper reporting relational memory effects evident in 
manipulated scenes contained four experiments, one of which was performed on amnesic 
patients with hippocampal damage and demographically-matched comparison participants. 
Similar to the college students, both the amnesic patients and the comparison participants viewed 
repeated, non-manipulated scenes with fewer fixations, demonstrating a repetition effect in their 
eye-movements equal to the college-aged students. When presented with scenes that had been 
relationally manipulated however, only the control participants displayed a relational memory 
effect characterized by increased viewing to the manipulated region; this effect was absent in the 
amnesic patients, demonstrating a deficit selective for relational memory.  
 Analogous to the Ryan et al. (2000) study, the Hannula et al. (2007) report investigating 
eye-movement effects on face-scene pairings also contained an experiment with the same 
amnesic patients and their controls. As was the case with the college-aged students in identifying 
the matching face presented with the background scene at study, the comparison participants 
rapidly displayed disproportionate viewing to the matching face in the three-face display. Since 
all faces were equally familiar, the effect demonstrated by the college-aged participants and the 
healthy control participants was relational in nature. Patients with hippocampal damage did not 
show this relational effect in that they failed to view the matching face significantly more than 
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the other two faces, further demonstrating the primary deficit in relational memory resulting 
from hippocampal damage.  
  
1.3.3 Eye-movements as a sensitive tool to study hippocampal structure and function 
 The results from studies using eye-tracking and amnesic patients describe a consistent 
pattern that hippocampal damage leads to deficits in relational measures of eye-movements. 
Recently, researchers have applied eye-tracking to the study of more subtle hippocampal deficits, 
such as in schizophrenia, as well as combining eye-tracking with other methods such as fMRI to 
better understand the relationship between eye-movements and the hippocampus. The findings 
from these studies illustrate that the use of eye-movements can reveal information about 
hippocampal function that other measures, such as overt responses, may either not detect, or not 
fully characterize the nature of hippocampal contribution in the way eye-movements can. 
 In addition to many psychiatric effects, schizophrenia is marked by hippocampal 
dysfunction and memory impairments (Heckers et al., 1998). The memory deficits observed in 
schizophrenia are not as extreme as those that occur with gross hippocampal damage; therefore, 
if schizophrenic patients demonstrated relational memory impairments in their eye-movements, 
it would provide evidence for the sensitivity of the eye-tracking method to hippocampal function. 
Using a paradigm similar to Hannula et al. (2007), Williams et al. (2010) found schizophrenia 
patients displayed an increased latency in their eye-movement effects, failing to display the 
rapidity with which eye-movement effects occur in healthy adults (Williams et al., 2010). In 
addition to this temporal difference, the viewing to the matching face in the schizophrenia 
patients never reached the level of the comparison participants, indicating schizophrenia patients 
viewed the distractor faces more frequently. The viewing of the schizophrenia patients to a 
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matching face did rise above chance levels though, which was not the case for the amnesic 
patients in the Hannula et al., (2007) report.  
 The combined study of memory using eye-movements with fMRI has also proven fruitful 
in understanding how eye-movement measures of relational memory relate to hippocampal 
function. Using a very similar face-scene pair relational memory task as in Hannula et al. (2007), 
Hannula and Ranganath (2009) recorded participants’ eye-movements while they were searching 
a three-face display for the face which matched the background scene presented at study, and 
also simultaneously recorded neural activity from fMRI.  Prior to the onset of the three-face test 
display participants were presented with just the scene, in order to provide a cue for the 
upcoming display. During this scene cue, the amount of hippocampal activity predicted the 
viewing to the face that matched the scene at study, with more hippocampal activity leading to 
more viewing (Hannula & Ranganath, 2009). Intriguingly, this relationship held for trials in 
which the participant did not overtly choose the matching face via a behavioral response. When 
investigating what brain regions correlated with correct relational memory behavioral responses, 
areas of the dorsolateral prefrontal cortex (dlPFC) were more active, and the functional 
connectivity between the dlPFC and hippocampus increased. This suggests that the eye-
movement measure may be more reflective of the hippocampal representation of the face-scene 
pair compared to behavioral accuracy, which may rely on a more distributed hippocampal-frontal 
network.  
 
1.4 Rationale for current project 
 At the intersection of the three broad areas reviewed above exists the possibility to use 
fitness as a means to study the hippocampus and memory, and to gain further understanding of 
19 
 
the cognitive benefits conferred from aerobic fitness. The current study sought to continue the 
line of inquiry on aerobic fitness and memory in preadolescent children. The Chaddock et al. 
(2010) report suggests selective relational memory benefits for children high in aerobic fitness. It 
is unknown whether similar results would occur in children as a function of change in aerobic 
fitness as the result of a randomized intervention setting, or if they only are found when two 
disparate groups along the fitness spectrum are compared. Given its sensitivity to hippocampal 
function and ease of implementation in preadolescent children compared to other methods (e.g., 
fMRI), eye-movements were recorded in addition to behavioral responses, which allowed for a 
more quantitative analysis of memory with a broader dataset. 
In this study we tested whether a group of preadolescent children randomly assigned to 
an aerobic exercise program would exhibit group differences in behavioral and eye-movement 
measures of memory when compared to a group of children who remained sedentary. We 
hypothesized that group differences would be selective to relational memory, consistent with the 
previous work in children and the abundant literature on both hippocampal functioning and 
aerobic exercise induced plasticity in the hippocampus. 
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CHAPTER 2 
 
MATERIALS AND METHODS 
 
 
2.1 Sample 
 
 Fifty-three preadolescent children were randomly assigned to a nine-month aerobic 
exercise intervention group (AE) or a wait-list control group (C). The results reported here contain 
data from 44 children, as nine participants' data had to be discarded due to failure to adhere to task 
instructions (n = 6) or an inability to obtain eye-movement data because of eyeglasses (n = 3). The 
AE group's final sample included 25 participants, while the C group contained 19 children. This 
study was approved by the University of Illinois at Urbana Champaign Institutional Review 
Board, and all children signed an assent form while legal guardians signed an informed consent 
document. Participants received $10/hour remuneration.  
To ensure equality on extraneous factors that may affect cognition such as age or IQ, a 
variety of demographic variables were calculated and taken into account during the group 
randomization process. All children completed the Kaufman Brief Intelligence Test (K-BIT; 
Kaufman & Kaufman, 1990) to obtain an IQ measure, which includes both crystallized and fluid 
measures of intelligence. While the K-BIT was administered, parents completed several 
questionnaires. Each parent answered the Attention Deficit Hyperactivity Disorder (ADHD) 
Rating Scale IV (DuPaul, Power, Anastopoulos, & Reid, 1998) to screen for the presence of 
ADHD; any child scoring above 85th percentile was excluded from the study. Additionally, 
socioeconomic status (SES) was evaluated by having parents complete an index measuring SES 
across three factors: 1) participation in a free or reduced-price meal program at school, 2) the 
highest level of education attained by the child's mother and father, and 3) the number of parents 
who work full time (Birnbaum et al., 2002). Finally, pubertal timing was assessed by having 
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parents complete a modified version of the Tanner Staging System (Tanner, 1962; Taylor et al., 
2001). Participants with a score higher than "2" on the Tanner Staging System were excluded 
from the study. Table 1 displays the mean scores for the two groups on these variables and 
confirms the groups did not differ on these demographic factors. 
 
2.2 Fitness testing and aerobic exercise intervention 
The AE group took place in the Fitness Improves Thinking (FIT) Kids after-school 
intervention program, while the C group continued their normal after school activities. The FIT 
Kids program is described fully in Castelli, Hillman, Hirsch, Hirsch, & Drollette (2011), thus a 
brief description is provided here. The intervention ran from August to May and took place every 
weekday after school (i.e., approximately 150 days), but did not run on days when students were 
released early or on holidays. A FIT Kids session lasted 120 minutes and contained both physical 
activity and fitness related education. During this time, children were actively engaged in 
exercise behavior for 70+ minutes/day.  
 Prior to the intervention period, both groups had aerobic fitness levels calculated via a 
graded exercise test during which each participant’s maximal oxygen consumption level 
(VO2max) was obtained; following the intervention, a second measure of VO2max was attained 
to quantify the change in aerobic fitness. VO2 max was assessed via a computerized indirect 
calorimetry system (ParvoMedics True Max 2400) during a modified Balke treadmill test 
(American College of Sports Medicine, 2006). The heart rate of each participant was monitored 
constantly using a Polar heart rate monitor (Polar WearLink® +31, Polar Electro, Finland) and a 
measure of perceived exertion was attained every two minutes using the children's OMNI scale 
of perceived exertion (Utter, Robertson, Nieman, & Kang, 2002).  
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 During the Balke test, participants initially walked on a motor-driven treadmill for a 
warm-up period of two minutes, during which time the speed gradually increased. After this 
warm-up period the test began. Participants ran on the treadmill at a constant speed and the grade 
increased 2.5% every two minutes. Averages for oxygen uptake (VO2) were assessed every thirty 
seconds. Relative peak oxygen consumption (VO2 max) was measured in milliliters per kilogram 
per minute, and based on reaching maximal effort, which is defined by accomplishing two of the 
following four criteria: 1) a heart rate within ten beats/min of the age predicted maximum, 2) a 
respiratory exchange ratio (the ratio between carbon dioxide and oxygen percentage) greater than 
1.0 (Bar-Or, 1983), 3) a rating greater than 8 on the children's OMNI scale of perceived exertion 
(Utter et al., 2002), and/or 4) a plateau in VO2 despite an increase in workload. 
 
2.3 Memory paradigm 
 Eye position and movement data were acquired using an Eyelink 1000 system (SR 
Research, Ontario, Canada) sampling at 1000 Hz. To reduce head movement, participants placed 
their head in a desk mounted chin rest while performing the test phases of the paradigm. 
Stimulus presentation and behavioral data collection were accomplished through Presentation 
software (Neurobehavioral Systems, http://nbs.neuro-bs.com), and all stimuli were displayed on 
a 21" full color monitor.  
Stimuli were comprised of 108 male and 108 female color faces selected from a face 
database (Althoff & Cohen, 1999). Face images measured 480 x 480 pixels and were displayed 
on a black background. 110 color images of real world scenes taken from Brand X photography 
were also used; scenes measured 1024 x 768 pixels.   
 The memory task, which was inspired by Hannula et al. (2007), contained a relational 
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memory condition (RM) and an item memory condition (IM) divided into eight study-test blocks 
(RM = 6, IM = 2); Figure 1 illustrates the design and timing of the task. During the study phase 
of an RM block, participants viewed face-scene pairings and were instructed to make a judgment 
via a button press as to whether the person depicted would be expected to be found in that scene. 
Following the study phase, the test phase occurred and a previously shown scene was paired with 
three faces from the study phase, one of which was displayed with that scene in the study phase, 
and participants were instructed to find the face originally paired with that scene. In the study 
phase of the IM block, participants saw the same scene with a different face on each trial, and 
decided via a button press if the person in the scene “looked younger than 25 years of age.” In 
the test phase of an IM block, participants saw three faces, one face from the study phase and 
two novel faces; the instructions were to find the face shown during the study phase. The eye-
tracker was calibrated between each study and test-phase. In the test phase of both conditions, 
participants were instructed to press a button during the viewing period when they knew which 
of the three faces was correct. Following the viewing period, an answer screen appeared with 
numbers corresponding to the locations of the faces, and participants verbalized which face they 
thought was correct, and also made a confidence judgment on this answer from a 1-3 scale. 
 
2.4 Data Analysis 
  The behavioral outcome measures were accuracy, as well as reaction time (RT) and 
confidence ratings to correct trials. RTs that were above or below two standard deviations of a 
participant's mean RT were discarded. The main outcome measure from the eye-movement data 
was the proportion of viewing time allocated to a correctly identified face during the three-face 
viewing period. Proportion of viewing time is defined as the amount of time spent viewing the 
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correctly chosen face divided by the amount of time spent looking at all faces on a trial. 
Fixations that were less than 83 ms were discarded, and trials where participants did not spend at 
least 33% of possible viewing time (2000 ms) to the three-face display were removed (Warren, 
Duff, Tranel, & Cohen, 2010).    
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CHAPTER 3 
 
RESULTS 
 
3.1 Aerobic fitness results 
To establish the efficacy of the aerobic exercise intervention, we subjected VO2max 
percentile rankings, which are normalized for age and gender (Shvartz & Reibold, 1990), to a 
two-way mixed measures ANOVA with group as a between-subjects factor and time (before and 
after intervention period) as a within-subjects factor. The results indicated a significant group x 
time interaction, F (1,42) = 5.47, P = .024, characterized by the AE group displaying increased 
VO2max percentile rankings, while the C group's values decreased (Table 1).  
 
3.2 Behavioral results 
The accuracy data were analyzed in a two-way mixed measures ANOVA with group as a 
between-subjects factor and memory condition (relational and item) as a within-subjects factor. 
The accuracy data contained a main effect of memory condition in that accuracy scores were 
higher in the item condition than the relational condition F (1,42) = 22.16, P < .001 (Figure 2). 
However, there was no group effect for accuracy (P = .203), nor was there a group x condition 
interaction (P = .613), as both groups performed with similar accuracy in the conditions 
(relational mean accuracy: AE group = 66.28%, C group = 69.29%; item mean accuracy: AE 
group = 75%, C group = 80.12%). Additionally, there were no group effects for RT or 
confidence judgments on correct trials; these data are displayed in Table 2. 
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3.3 Eye-movement results 
Entering the proportion of viewing time data into a group x memory condition mixed 
measures ANOVA revealed a significant effect of group F (1,42) = 3.97, P = .053, and a 
marginally significant group x memory condition interaction F (1,42) = 2.84, P = .099. To 
further understand the nature of these effects, particularly given the a priori hypothesis of group 
differences selective for the relational memory condition, group contrasts were performed on the 
proportion of viewing time variable for the relational and item conditions. These follow-up tests 
revealed that the AE group differed significantly in proportion of viewing time selectively for the 
RM condition. (RM condition: t (42) = 2.47, P = .017; IM condition: t (42) = .982, P = .331) 
(Figure 3). 
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CHAPTER 4 
 
DISCUSSION 
 
 
4.1 Summary of findings 
Compared to children who remained sedentary, children randomly assigned to an aerobic 
exercise intervention displayed a significant difference on an eye-movement measure of memory 
that was selective to the RM condition; this result was consistent with our hypothesis. This 
greater amount of viewing to faces in the RM condition indicates that the AE group may have 
had a stronger representation of the association between the face-scene pair. The two groups did 
not differ on their accuracy for the RM condition, contrary to predicted results. Finally, no group 
differences emerged on any measures of item memory; these findings and their broader 
implications are discussed here.  
 
4.2 Integration of current results with previous exercise and cognition reports 
 As described above, eye-movement measures of relational memory are critically linked to 
hippocampal structure and function (Hannula et al., 2007; Hannula & Ranganath, 2009). 
Therefore, it is possible that the group differences observed here reflect changes in hippocampal 
functioning in the AE group as a result of increased physical activity, and these changes are 
manifested in the eye-movement data. This explanation is broadly consistent with the wealth of 
animal and human literature on the topic. In the animal work reviewed above, mice in an 
exercise group consistently performed better on the Morris Water Maze, a task tied to 
hippocampal function (Clark et al., 2009; van Praag et al., 1999; van Praag et al., 2005). Coupled 
with this, in all of these studies the mice that exercised displayed markers of enhanced plasticity 
selective to the hippocampus. In humans, neuroimaging evidence exists for similar hippocampal 
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plasticity following exercise (Burdette et al., 2010; Erickson et al., 2011; Pereira et al., 2007). 
These studies have also demonstrated gains in memory as well. Finally, the results in the current 
study are also consistent with the pattern of data from the previous work differentiating 
aerobically low- and-high-fit children by performance on relational, but not item memory tasks, 
as well as on measures of hippocampal volume (Chaddock et al., 2010; Chaddock et al., 2011). 
 Critically, the current report strengthens the causal link between aerobic exercise and 
hippocampal based cognition in preadolescent children. The previous reports on this topic 
studied cross-sections of children who differed in measures of aerobic fitness, which leads to the 
possibility that they may have differed in other ways (e.g., genetic or psychosocial factors such 
as motivation) that were not accounted for in the investigations. This is less likely given the 
researchers' care in controlling for extraneous factors that can influence cognition, but is still 
somewhat plausible. Here, children were randomly assigned to the AE or C group, thus greatly 
reducing the possibility that the two groups differed on variables that would influence cognition 
prior to the intervention. Since the major difference between the two groups during the 
intervention phase was the increased physical activity in the AE group, aerobic exercise indeed 
seems to benefit hippocampal based cognition. Since the C group did not partake in any after-
school program, the possibility remains that the environment of an after school program may be 
driving the fact, and future work may want to include a C group that attends an after school 
program not involving exercise in order to eliminate this explanation. While any claims of 
hippocampal plasticity in this population need to be tempered due to the lack of imaging data in 
this report, the selective findings of gains in hippocampal dependent memory seen in the AE 
group support the notion of hippocampal plasticity occurring due to aerobic exercise, which in 
turn leads to an improvement in hippocampal based cognition. 
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4.3 Evidence supporting relational memory theory 
To the extent that the eye-movement effects in the AE group are due to the attainment of 
greater levels of plasticity in the hippocampus as a result of the exercise intervention, the 
findings from the eye-movement data augment relational memory theory. The selective 
difference between the two groups on the RM condition, but not the IM condition, supports the 
notion that the hippocampus processes relations amongst items, and is not primarily responsible 
for simply forming representations of single items (Eichenbaum & Cohen, 2001). The results 
from this study mirror previous eye-tracking results from our laboratory where patients with 
select hippocampal damage performed similarly on item measures of memory in terms of 
displaying an intact repetition effect, but were significantly impaired on relational measures 
(Ryan et al., 2000). Similarly, in this study, two groups were differentiated by relational memory 
performance in that we observed a selective enhancement of relational memory in the AE group, 
presumably due to exercise enhanced plasticity specific to the hippocampus, with no 
concomitant increase on item memory measures. This adds further credence to the idea that the 
hippocampus is responsible for binding relations amongst items, and demonstrates the utility of 
using aerobic exercise and fitness to study human memory.    
 
4.4 Dissociation between eye-movement and behavioral measures of memory 
 The null result of group differences on overt accuracy is intriguing, particularly in the 
context of the group differences on the eye-movement measure of memory, and hints that 
proportion of viewing time may represent a more sensitive measure of hippocampal functioning 
compared to overt accuracy. Recent work by Hannula and Ranganath (2009) found that while 
hippocampal activity predicted proportion of viewing time to a correct face, it was not enough to 
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predict if a participant would choose the correct face with an overt behavioral response. The 
authors found that correct relational memory decisions were correlated with increased lateral left 
prefrontal cortex (PFC) activity, and increased hippocampal-PFC functional connectivity. These 
results indicate that correct memory decisions are dependent on a more distributed network, 
including the hippocampus and PFC. Serving as the critical node in this network is the 
hippocampus, and its representation of relations may better be characterized by eye-movements 
rather than behavioral responses.  
Also, the null result at the group level on relational memory appears less puzzling when 
taking into account the low aerobic fitness levels of the participants in both groups. The previous 
work in preadolescent children that found aerobic fitness related accuracy differences in 
relational memory was based on comparing aerobically low- and-high-fit children, two groups 
on opposite ends of the aerobic fitness spectrum. In the current sample, the median normative 
percentile ranking for VO2max scores for both groups fell within the "aerobically low-fit" 
classification (AE = 16
th
 percentile; C = 21
st
 percentile), and only seven participants in the total 
sample were categorized as "aerobically high-fit." Therefore, based on previous work, it may be 
expected that the two groups would perform similarly on the accuracy measure given their 
overall low levels of aerobic fitness.  
Taking into account the eye-movement data reported here, this may suggest that the 
hippocampus, given its disproportionate capacity for plasticity, responds in a malleable fashion 
to any amount of exercise. However, sustained exercise leading to high aerobic fitness levels is 
needed to modify the PFC as well as hippocampal-PFC functional connectivity, and drive 
exercise related modulation of accuracy on relational memory. Indeed, recent work suggests 
aerobic fitness is a source of variance in PFC-MTL functional connectivity, and higher-fit 
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children perform better and have more efficient neuroelectric indices of attention on tasks 
putatively reliant on the PFC (Pontifex et al., 2011; Voss et al., 2010). Studies in the future 
which   contain a larger sample of children with a wider range of baseline VO2max scores may 
be able to dissociate the contributions of aerobic exercise and high aerobic fitness levels as it 
pertains  memory function. 
 
4.5 Sensitivity of eye-tracking to detect differences in memory 
If the current study only measured memory by observing the participant's behavioral 
response of which face matched the scene, group differences in this study would not have 
emerged. This behavioral metric of memory can be characterized as the most downstream output 
in a chain of cognitive events, and is thus limited in the information it conveys since it is the 
discrete byproduct of intricate perceptual and mnemonic processes. The use of eye-tracking 
allows for the recording of the location of the participant's gaze every millisecond, which yields 
a rich dataset allowing the researcher to glean into how the process of recognition unfolds over 
time; in this case, one is not left with a simple binary or ternary dataset.   
A dataset in a recognition paradigm that contains mnemonic information from the onset 
of perceptual information to a behavioral response (and even beyond) is a more realistic measure 
of human memory compared to a paradigm which presents the participant with targets and foils, 
and only records "old" or "new" judgments. Human memory is a constructive process with the 
end result taking the form of an amalgamation of the individual's mnemonic representation of the 
past, current perceptual information, cognitive biases, and several other factors (Schacter & 
Addis, 2007). The characterization of this reconstruction process into binary or ternary 
observations in the laboratory greatly reduces the process of human memory. For instance, in the 
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current paradigm, it is unlikely that a participant has no memory for a face-scene pair on a trial in 
which s/he verbally chose the wrong face, nor is it likely that the amount of mnemonic 
information is "perfect" and equal on each correct trial. Rather, memory for face-scene pairings 
is likely to vary along a continuum, with some correct responses being lucky guesses, some 
correct responses reflecting a very strong encoding and recognition process of the face-scene 
pair, and others somewhere in between these extremes. A process such as eye-tracking can 
capture this continuum more accurately, as one can infer memory by analyzing where a 
participant is directing his/her gaze, and this information can be parsed apart in many ways 
relating to important events during a trial.   
While the paradigm used here did ask participants to make a verbal response, eye-
tracking can be employed in a manner where participants are not asked to make a response, nor 
are they asked about their memory at all; however, memory data can still be collected. This is 
advantageous in special populations such as older adults, who perform worse when they know 
their memory is being tested or in participants who cannot make responses, such as infants 
(Richmond & Nelson, 2009; Wetherell, Reynolds, Gatz, & Pedersen, 2002). Along similar lines, 
eye-tracking measures of memory may be more objective than verbal report, as in the latter case 
participants are supplying data via subjective measures. The rapidity at which eye-tracking 
measures of memory occur suggest that it is an objective and automatic process. Indeed, the 
results of one study conclude that given the automaticity of viewing patterns to previously 
encountered stimuli, eye-movements may be an obligatory effect of memory (Ryan et al., 2007).  
In order to fully understand exercise effects on memory, it will be beneficial for future 
studies in humans to employ more quantitative measures of memory, such as eye-tracking, used 
with tasks that differentially rely on the hippocampus. The current evidence for cognitive 
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benefits in terms of memory from aerobic exercise interventions in adult humans is present, but 
limited. For example, in Pereira et al. (2007), participants showed post-intervention differences 
on the first trial of learning on the Rey Auditory Verbal Learning Test (AVLT), but not on any 
other of the multiple measures the AVLT includes. It is difficult to discern whether this implies 
the effects of exercise on memory in adults are limited, or if the use of a word-list where the data 
are simply the number of items recalled is not sensitive to the effects of exercise on memory. 
Similarly, the Erickson et al. (2011) report detailing remarkable changes in hippocampal volume 
following an aerobic exercise intervention in older adults reports scant cognitive differences at 
the group level on a spatial working memory task. Again, it could be the case that the narrow 
cognitive effects were due to using a working memory task which may not rely heavily on the 
hippocampus, coupled with the dependent variable of this task being accuracy. The usage of 
more quantitative measures of memory that capture the reconstruction process that is 
fundamental to memory, along with tasks that rely primarily on the hippocampus, will allow 
further gains to be made in the realm of memory and exercise.  
 
4.6 Limitations 
One limitation of the current work is the lack of pre-test data on the memory task. It is 
conceivable that the two groups’ eye-movement patterns may have been different prior to the 
intervention, and that the finding here cannot be attributed to the aerobic exercise intervention; 
however, this appears unlikely. Children were randomly assigned to the two groups and were 
matched on variables that affect cognition. Additionally, it seems more likely that if the groups 
did differ prior to the intervention, this would be apparent in both memory conditions due to a 
more general propensity for making longer fixation durations to a correct face, rather than a pre-
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existing group divergence in the specific and predicted way that is reported here.  
 
4.7 Conclusion 
The aerobic exercise intervention resulted in differences on eye-movement measures of 
memory that were selective to hippocampal dependent memory. This finding is consistent with 
the wealth of animal and human literature describing an up-regulation of hippocampal plasticity 
and enhanced memory resultant from exercise. Future research should use a larger number of 
participants and longer exercise interventions to understand how exercise modifies the various 
components of hippocampal based memory. 
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FIGURES AND TABLES 
 
Figure 1 
 
Figure 1. Graphical depiction of the task. Each study phase contained 18 trials. The test  
phase of the RM condition had 6 test trials, since all faces from the study phase are reused, 
 whereas the IM test phase had 18 trials, as the foils are novel images. Both conditions contained 
 36 test trials total, and the timing of a trial was identical in both conditions. Condition order, 
 target location and face valence were all counterbalanced. 
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Figure 2 
 
 
Figure 2. Behavioral accuracy on the two memory conditions for the two groups. Error  
bars represent ± 1 s.e.m. 
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Figure 3 
 
 
Figure 3. Proportion of viewing time allocated to correctly identified faces for the aerobic 
exercise intervention group and control group on both memory type conditions. The mean for 
proportion of viewing time in the aerobic exercise group is significantly higher than the control 
group in the relational memory condition. Error bars represent ± one s.e.m. 
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Table 1 
 
Participant Demographics and Fitness Data 
______________________________________________________________________________ 
Group                  Gender                   Age                   KBIT                    SES             ∆ VO2max*                
______________________________________________________________________________ 
AE                       9 F 16 M              9.4 (.63)         115.2 (12.3)          1.92 (.86)             8.2 (21)                         
C                         10 F 9 M               9.5 (.44)         122.2  (17)            2.11 (.74)            -6.3 (19.7)                          
______________________________________________________________________________ 
* p < .05 
 
Note: AE, Aerobic Exercise; C, Control; KBIT, Kaufman Brief Intelligence Exam; SES, 
socioeconomic status as measured by a trichotomous scale;  ∆ VO2max, change in maximum 
oxygen uptake measured in mL/kg/min taken before and after intervention               
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Table 2 
Reaction Time and Confidence Judgments: Mean (SD) 
______________________________________________________________________________ 
 
  Relational Memory                    Item Memory 
 Reaction Time  Confidence                  Reaction Time         Confidence 
AE      2691 (734)  2.58 (.28)  2909 (624)          2.51 (.34)      
C         2550 (635)                   2.57 (.36)  2742 (606)          2.56 (.34) 
______________________________________________________________________________ 
 
Note: AE = aerobic exercise group; C = control group; reaction time is reported in milliseconds; 
confidence ratings were made on a 1-3 scale  
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